The CLAVATA1 (CLV1) receptor kinase controls stem cell number and differentiation at the Arabidopsis shoot and flower meristems. Other components of the CLV1 signaling pathway include the secreted putative ligand CLV3 and the receptorlike protein CLV2. We report evidence indicating that all intermediate and strong clv1 alleles are dominant negative and likely interfere with the activity of unknown receptor kinase(s) that have functional overlap with CLV1. clv1 dominant-negative alleles show major differences from dominant-negative alleles characterized to date in animal receptor kinase signaling systems, including the lack of a dominant-negative effect of kinase domain truncation and the ability of missense mutations in the extracellular domain to act in a dominant-negative manner. We analyzed chimeric receptor kinases by fusing CLV1 and BRASSINOSTEROID INSENSITIVE1 ( BRI1 ) coding sequences and expressing these in clv1 null backgrounds. Constructs containing the CLV1 extracellular domain and the BRI1 kinase domain were strongly dominant negative in the regulation of meristem development. Furthermore, we show that CLV1 expressed within the pedicel can partially replace the function of the ERECTA receptor kinase. We propose the presence of multiple receptors that regulate meristem development in a functionally related manner whose interactions are driven by the extracellular domains and whose activation requires the kinase domain.
INTRODUCTION
The generation of aerial organs in plants is dependent on the activity of shoot and flower meristems. Shoot meristems maintain organogenesis by balancing the proliferation of a population of undifferentiated stem cells at their centers and directing appropriately positioned descendant cells toward organ formation and eventual differentiation. Some mutants have been found to disrupt this balance, altering the structure and function of shoot and flower meristems. Mutations in the Arabidopsis CLAVATA loci ( CLV1 , CLV2 , and CLV3 ) lead to ectopic accumulation of stem cells at shoot and flower meristems (Clark et al., 1993 (Clark et al., , 1995 Kayes and Clark, 1998) . Enlarged clv meristems result in extra flower organs, club-shaped siliques, and enlarged inflorescence stems. Molecular genetic studies indicate that the primary function of the CLV loci is to restrict the expression domain of the stem cell-promoting factor WUS-CHEL ( WUS ). WUS encodes a putative homeodomain transcription factor that has been shown to be both necessary and sufficient for stem cell identity (Laux et al., 1996; Mayer et al., 1998) . The WUS expression domain expands in clv mutants, and ectopic expression of WUS within the meristem is sufficient to promote stem cell identity (Brand et al., 2000 (Brand et al., , 2002 Schoof et al., 2000; Lenhard et al., 2002) .
clv1 alleles vary greatly in phenotypic severity, ranging from weak alleles with only modest increases in stem cell number to strong alleles with Ͼ 1000-fold more undifferentiated cells compared with the wild type (Clark et al., 1993) . Mutant alleles of clv1 , clv2 , or clv3 show strong correlations between shoot and flower meristem defects. Increases in flower meristem size are reflected in an increase in the number of organs per flower, especially the number of carpels, as well as in the extent of continued proliferation and organogenesis of the flower meristem beyond the initiation of the whorl-four carpels (Clark et al., 1993) . Carpel number typically has been used to measure the severity of clv mutant defects.
The receptor-like kinases (RLKs), of which CLV1 is a member, represent one of the largest gene families in the Arabidopsis genome. One-third of the ‫ف‬ 610 RLKs contain Leu-rich repeats (LRRs) in their extracellular domains (Shiu and Bleecker, 2001) . LRRs are found in tandem repeats that each contain ‫ف‬ 24 amino acids with conserved leucines. LRRs are present in a variety of proteins with diverse functions, from yeast to animals and plants, and many are involved in protein-protein interactions. Among the ‫ف‬ 220 transmembrane LRR receptors in Arabidopsis, only a few have known functions. The challenge now is to identify their signaling components, ligands, and mechanisms of activation. Substantial efforts have been devoted to a few LRR-RLKs that play critical roles in development. These include CLV1, BRASSINOSTEROID INSENSITIVE1 (BRI1), which is involved in the perception and signaling of the steroid hormone brassinolide (BL), and ERECTA (ER), which regulates organ shape (Torii et al., 1996; Clark et al., 1997; Li and Chory, 1997; He et al., 2000) . The LRR-RLKs can be subdivided into subfamilies on the basis of numbers and locations of LRRs in their extracellular domains (Shiu and Bleecker, 2001 ). This classification puts CLV1 and ER in the same group of LRR-RLKs with 21 LRRs in their extracellular domains. On the other hand, BRI1 belongs to a separate subfamily because it possesses 25 LRRs and an island of 70 amino acids between the 20th and 21st LRRs. This island is proposed to mediate BRI1 binding to BR (Li and Chory, 1997; He et al., 2000) . The ligand for the ER receptor remains unknown.
The CLV1 pathway, although still poorly understood, is one of the best characterized receptor kinase pathways in plants. The other two CLV genes, CLV2 and CLV3 , have been cloned and encode components of the same signal transduction pathway that regulates stem cell behavior. CLV2 belongs to the receptor-like protein family and contains LRR motifs in its predicted extracellular domain but no intracellular kinase domain (Jeong et al., 1999) . CLV3 encodes a small polypeptide that has been shown to be secreted (Fletcher et al., 1999; Rojo et al., 2002) . The CLV1 , CLV2 , and CLV3 genes function in the same pathway, the formation of active CLV1 complexes requires CLV3, CLV3 overexpression phenotypes require CLV1 and CLV2, and CLV3 is secreted from cells adjacent to those expressing CLV1 -all suggesting that CLV3 acts as the ligand for CLV1 (Clark et al., 1995 (Clark et al., , 1997 Fletcher et al., 1999; Brand et al., 2000; Rojo et al., 2002) .
Since the first description of the clv mutant phenotype more than a decade ago, 10 different alleles of clv1 have been discovered and described (Leyser and Furner, 1992; Medford et al., 1992; Clark et al., 1993 Clark et al., , 1997 Pogany et al., 1998) . They exhibit phenotypes ranging from weak ( clv1-6 and clv1-7 ) to intermediate ( clv1-1 , clv1-2 , and clv1-9 ) to strong ( clv1-4 , clv1-8 , and clv1-10 ) . All of the alleles that exhibit strong or intermediate phenotypes contain missense mutations within the LRR or the kinase coding sequences (Clark et al., 1997) . Interestingly, the weakest alleles, clv1-6 and clv1-7 , contain a frameshift and a nonsense mutation, respectively, near the beginning of the kinase domain that could eliminate most of the kinase domain. Although the clv1-6 and clv1-7 alleles suggested possible dominant-negative properties of the intermediate and strong alleles, it has not been possible to exclude a low level of readthrough or the notion that the truncated proteins performed significant signaling activity.
Here, we provide evidence that all strong and intermediate clv1 alleles are dominant negative. We have isolated three insertional alleles that all exhibit weak phenotypes. We show that cosuppression of clv1-1 mRNA expression partially suppresses Clv1 Ϫ phenotypes and that chimeric CLV1/BRI1 receptors can act as dominant-negative proteins in meristem development. We also show that CLV1 expressed within pedicels can regulate their development. Finally, we propose that multiple receptor kinases with functional overlap act within the meristem and perhaps in other organs as well.
RESULTS

Characterization of Three T-DNA Insertions in the CLV1 Locus
Despite the sequencing of over 10 clv1 alleles, no clear null alleles have been identified (Clark et al., 1997) . All of the clv1 alleles that exhibit a strong or intermediate phenotype contain missense mutations within the coding sequence ( Figures 1A  and 1C ). Even clv1-10 , which was identified as an intragenic enhancer of clv1-1 , contains a second missense mutation in the LRR domain (see Methods). The only alleles with nonsense or frameshift mutations are clv1-6 and clv1-7 , which were isolated in pollen mutagenic screens for additional clv1 alleles (Clark et al., 1993) . However, the lesions in clv1-6 and clv1-7 both occur after the transmembrane domain, leaving the possibility that the proteins these alleles encode are expressed, located to the plasma membrane, and capable of signaling (Figures 1A and 1C) . Precedence for this idea comes from the disease resistance receptor kinase Xa-21, which is capable of functioning without a kinase domain (Wang et al., 1998) .
To determine the null phenotype for CLV1 , we identified one Ds transposable element (DsE) and two T-DNA insertion clv1 alleles. We named these three new alleles clv1-11 , clv1-12 , and clv1-13 (see Methods). clv1-12 was isolated in the Wassilewskija-2 (Ws-2) background and contains a T-DNA insertion in the third LRR. clv1-13 was isolated in the Ws-2 background, and a T-DNA insertion was identified between kinase conserved motifs IV and V. clv1-11 was isolated in the Landsberg erecta (L er ) background and contains a DsE insertion in the sixth LRR (Figure 1A) . The location of each insertion was determined by PCR amplification of flanking regions followed by sequencing of the PCR products (data not shown). Reverse transcriptase (RT)-PCR was performed on wild-type, clv1-11 , clv1-12 , and clv1-13 RNA samples to verify that these were null alleles. We detected no accumulation of transcripts corresponding to sequences downstream of the clv1-11 and clv1-12 insertions ( Figure 1B) .
clv1 mutant plants accumulate stem cells at their shoot and flower meristems, leading to enlarged meristems and additional floral organs. Although wild-type plants develop exclusively two carpels in whorl four of the flower, flowers of the strongest clv1 mutants develop up to eight carpels, and a fifth whorl of ectopic organs develops inside the gynoecium generated by the whorl four of carpels (Clark et al., 1993) . The number of carpels formed per flower and the extent of growth of the ectopic whorls reflect an early increase in flower meristem size and are sensitive indicators of clv1 mutant severity (Clark et al., 1993 (Clark et al., , 1995 . We compared clv1-11 in the L er background with clv1-6 , clv1-1 , and clv1-4 , our reference weak, intermediate, and strong alleles, respectively. Both the number of carpels per flower and the size of the fifth whorl were analyzed. The phenotype of clv1-11 was less severe than that of clv1-1 and was comparable to those of the weak alleles clv1-6 and clv1-7 (Figures 1D and 1E) (Clark et al., 1993) . Note the club shape of the siliques of the intermediate clv1-1 and strong clv1-4 alleles compared with those of the weak allele clv1-11 ( Figure  1E ). clv1-12 and clv1-13 displayed similarly weak phenotypes (see below). Thus, the clv1 null phenotype is weak, suggest-ing that strong and intermediate clv1 alleles may be dominant negative.
Generation of CLV1-BRI1 Chimeric Receptors
To determine the requirement for individual CLV1 domains in regulating meristem development, we generated various chimeric receptors (Figure 2 ). The coding sequences for portions of CLV1 were fused to those for the steroid receptor kinase BRI1 under the control of the ER promoter. ER encodes a receptor kinase that regulates organ shape and that is expressed broadly within the meristems and developing organ primordia (Yokoyama et al., 1998) . We chose the ER regulatory sequences to drive expression for several reasons. First, ER expression appears to entirely encompass the CLV1 expression domain (Yokoyama et al., 1998) . Second, despite using extended upstream and downstream sequences, we failed to isolate CLV1 regulatory sequences that can rescue clv1 mutants or mimic CLV1 expression (data not shown). Third, ER encodes a receptor kinase, so we would not be driving expression of the chimeric receptors at unusually high levels. The ER:CLV1 construct provided close to complete rescue of the Clv1 Ϫ phenotype when transformed into clv1-1 plants ( Figure 3A) . The mean number of carpels per flower in clv1-1 ER:CLV1 plants is only slightly higher than that of clv1-1/ϩ heterozygous plants (Clark et al., 1996) , suggesting that the ER promoter likely drives ex- -1, clv1-6, clv1-11, clv1-4 , and Ler. Ten flowers from at least 20 primary inflorescences of 30-day-old plants were scored for the number of carpels (means Ϯ SE). The size of the silique represents the length between the attachment site for the sepals, petals, and stamens and the top of the gynoecium. The same references were used for the measurement of fifth-whorl length. The measured size of the fifth whorl is represented as a percentage of total silique length. The vertical and horizontal bars represent standard errors for the relative fifth-whorl size and the number of carpels, respectively. Note that there is no fifth whorl in Ler and that the number of carpels does not vary from two, so the standard error is 0. (E) Comparison of siliques from Ler plants. The shape of the siliques from Ler, varies with the severity of the Clv1 Ϫ phenotype. Note the club shape of the intermediate clv1-1 and strong clv1-4 alleles compared with the weak clv1-11 silique shape. At right is shown a dry clv1-1 silique revealing the fifth whorl of organ growing inside the gynoecium and representing ‫%07ف‬ of the size of the silique. Bar ϭ 2 mm. pression within the meristem close to the level of the endogenous CLV1 gene.
The coding sequences for CLV1 and BRI1 were divided into the extracellular LRR domain (Figure 2 , LRR), the transmembrane domain (Figure 2 , TM), the juxtamembrane domain (between the transmembrane domain and the first conserved kinase domain sequences; Figure 2 , JM), the conserved kinase domain (Figure 2, KD) , and the C-terminal tail lacking specific kinase domain motifs (Figure 2 , CT). The ER:CB2 m construct included the Glu-to-Lys mutation in domain IX of the kinase domain, which is found in the loss-of-function bri1-101 mutation (Li and Chory, 1997) (Figure 2 (Table 1) . When analyzed in detail in subsequent generations, these lines exhibited a clear reduction in mean carpel number and fifth-whorl growth ( Figure 3A) . The sizes of the shoot apical meristems of the affected transgenic lines also were suppressed compared with the fasciated clv1-1 shoot meristems ( Figure 3B ).
We suspected that the Clv1 Ϫ phenotypic suppression was attributable to cosuppression of the endogenous clv1-1 transcript for two reasons. First, all of the lines gave rise to the same phenotype, regardless of the specific construct transformed (e.g., the kinase-active ER:CB2 and the kinase-inactive ER:CB2 m chimeric constructs provided similar clv1-1 suppression). Second, the phenotypically suppressed transgenic clv1-1 plants were very similar in phenotype to the clv1 null mutants.
To determine the role of clv1-1 cosuppression in Clv1 Ϫ phenotype suppression, the expression of clv1-1 and each transgene was analyzed by RT-PCR in phenotypically suppressed transgenic lines (Figures 4A and 4B) . In every phenotypically suppressed line analyzed, we observed one of two expression patterns. These data suggested that cosuppression of endogenous clv1-1 gene expression could lead to Clv1 Ϫ phenotypic suppression. Consistent with this finding, we observed a correlation between Clv1 Ϫ phenotype suppression and a weak/intermediate Bri1 Ϫ phenotype, suggesting cosuppression of both the clv1-1 and BRI1 genes in these lines (Table 1) . In subsequent generations, some plants lost BRI1 cosuppression with no effect on Clv1 Ϫ phenotypic suppression (data not shown). Moreover, a portion of the T1 transgenic plants exhibited only clv1-1 or BRI1 cosuppression. Together, these data suggest that the Clv1 Ϫ phenotype suppression was not attributable to a reduction in BRI1 activity.
Dominant-Negative Chimeric Receptors
Because the dominant-negative nature of the endogenous clv1-1 allele complicated the analysis of chimeric receptor function, we chose to transform all chimeric constructs into the clv1-11 null background. At least 30 primary transformants were obtained for each construct, and 5 to 14 lines were examined in detail in the T2 generation. The goal was to assess chimeric receptor function by monitoring suppression of the Clv1 Ϫ phenotype; however, we observed that many of the constructs resulted in an enhancement of the Clv1 Ϫ phenotype.
The two constructs that did provide Clv1 Ϫ rescue were ER:CLV1 and ER:CB1. clv1-11 ER:CLV1 plants were nearly wild type in meristem phenotype, again suggesting that the ER regulatory sequences drive expression close to the level of the The CLV1 and BRI1 protein structures are shown as white and black boxes, respectively. The junction between CLV1 and BRI1 in each chimeric construct did not alter the amino acid sequence of CLV1 or BRI1. The mutation introduced in the BRI1 kinase domain to produce the ER:CB2 m transgene (asterisk) is located in domain IX and is the same as the bri1-101 mutation, which results in a loss of kinase activity (Friedrichsen et al., 2000) . These constructs are driven by the ERECTA promoter (black line; 1678 bp of sequence upstream of ER), contain the E9 terminator (hatched box), and are cloned into pCB302 (Xiang et al., 1999 ) (see Methods). CT, C-terminal tail; ER prom., ER promoter; JM, juxtamembrane domain; KD, kinase domain; E9 term., E9 terminator; TM, transmembrane domain.
endogenous CLV1 gene ( Figures 5A and 5B). The ER:CB1 construct, which provided significantly poorer rescue of clv1-1 compared with the ER:CLV1 construct ( Figure 3A ), provided nearly complete rescue of clv1-11 (Figures 5A and 5B) . This finding suggests that the C-terminal domain of CLV1 contains no motifs specific for CLV1 signaling.
The ER:CB2, ER:CB2 m , ER:CB3, and ER:CB4 transgenes enhanced the clv1-11 mutant phenotype. This enhancement included all aspects of the Clv1 Ϫ phenotype: mean carpel number, extent of fifth-whorl growth, overall silique morphology, and size of the shoot apical meristem ( Figures 5A and 5B ). Both the wild-type and mutant versions of the BRI1 kinase domains in ER:CB2 and ER:CB2 m , respectively, were equally effective in enhancing the Clv1 Ϫ phenotype. The ER:CB3 construct contained just the extracellular domain of CLV1 and retained dominant-negative effects. The ER:CB4 construct, in which only the kinase domain of CLV1 was replaced by the BRI1 kinase domain, enhanced the clv1-11 phenotype as well, suggesting that neither the juxtamembrane domain nor the C-terminal tail domain is involved in the induction of the dominant-negative effect. Each dominant-negative transgene gave rise to a similar level of Clv1 Ϫ phenotype enhancement, suggesting similar target(s) and mechanisms of action. Thus, constructs containing a CLV1 extracellular domain and a BRI1 kinase domain exhibited a dominant-negative effect.
We did not observe the induction of any phenotypes outside of the meristem with any of the chimeric receptors with the exception of Bri1 Ϫ phenotypes. As we observed for these transgenes in the clv1-1 background, the chimeric constructs induced cosuppression of BRI1 in ‫%02ف‬ of the lines analyzed. These plants did not show clv1-11 suppression and were comparable phenotypically to clv1-11 (data not shown).
Precise CLV1 Expression Is Not Essential for Its Function
CLV1 normally is expressed specifically within the internal cell layers of the shoot meristem, predominantly the L3 layer (Clark et al., 1997; Fletcher et al., 1999; Trotochaud et al., 1999) . CLV3 is expressed in overlying, minimally overlapping cells in the L1, L2, and topmost L3 layers (Fletcher et al., 1999) . Remarkably, driving CLV1 expression under the control of the ER regulatory elements, which drive endogenous and transgene expression in all layers of the shoot meristem (Yokoyama et al., 1998) , in clv1-1 and clv1-11 plants had no impact on meristem development beyond rescuing the Clv1 Ϫ phenotype. When ER:CLV1 was transformed into wild-type plants, no effect on shoot or flower meristem development was observed (data not shown). fully expanded siliques of 30-day-old plants were counted for the number of carpels and dissected for the size of the fifth whorl before desiccation. The size of the fifth whorl growing inside the gynoecium was measured and compared with the size of the silique to give its relative size (% Ϯ SE) (cf. Figure 1D ). The vertical and horizontal bars represent standard errors for the fifth whorl size and the number of carpels, respectively. (B) Scanning electron micrographs of the shoot apical meristems of 30-day-old plants. Note that the shape of the meristems of clv1-1 ER:CLV1 and clv1-1 ER:CB2 transgenic plants is closer to that of Ler than to the fasciated clv1-1 meristem. Bars ϭ 500 m.
CLV1 Can Function Outside of the Meristem
The elongation of internodes and pedicels is important in determining the overall aerial structure of plants. Each flower meristem gives rise to flower organs that are separated from the inflorescence stem by a pedicel. The pedicel elongates with the development of floral organs. Mutant screens for altered inflorescence branching patterns have revealed ER (Torii et al., 1996; Yokoyama et al., 1998; Lease et al., 2001a ) and other genes (Lease et al., 2001b; Venglat et al., 2002) . The commonly used Arabidopsis Ler ecotype harbors the er mutation, resulting in an altered inflorescence branching pattern caused by a reduction in the length of internodes and pedicels, the growth of clustered flowers at the apex of the inflorescence, and shorter, wider, and blunt-tipped siliques. A precise analysis of stems and pedicels of er mutant plants indicated that the short stem/pedicel phenotype is attributable mainly to a decrease in cell number (Yokoyama et al., 1998) .
We initially observed that the size of siliques and pedicels of the clv1-1 er and clv1-11 er plants transformed with the ER:CLV1 construct was increased compared with that in clv1-1 er and clv1-11 er, respectively (data not shown). Because the ER:CLV1 construct also suppressed the meristem defects of clv1-1 and clv1-11 mutants, we could not exclude the possibility that the increase in pedicel and silique size in clv1-1 er ER:CLV1 and clv1-11 er ER:CLV1 transgenic plants was the indirect consequence of a restoration of normal meristem function. To eliminate transgene-induced changes in meristem size, the ER:CLV1 construct was introduced into Ler plants and the size of the siliques and pedicels was scored. The pedicels of Ler ER:CLV1 plants were 27% longer than the pedicels of Ler plants transformed with the control construct (wild-type pedicel, 7.74 Ϯ 0.05 mm, n ϭ 185; ER:CLV1 pedicel, 9.82 Ϯ 0.03 mm, n ϭ 166). Interestingly, the length of the gynoecium was not affected significantly by the ER:CLV1 construct (wild-type silique, 12.96 Ϯ 0.05 mm, n ϭ 185; ER:CLV1 silique, 12.42 Ϯ 0.07 mm, n ϭ 166). Thus, the expression of CLV1 under the control of the ER promoter can partially rescue the pedicel but not the gynoecium phenotypes of er plants, indicating that CLV1 can function outside of the meristem.
Ecotype Genetic Variation Affects Phenotypes of clv1 Mutants
During backcrosses of two of the clv1 null alleles from the Ws-2 background (clv1-12 and clv1-13) into Ler, we detected a significant effect of ecotype background on the severity of Clv1 Ϫ phenotypes ( Table 2 ). Note that in the analysis described below, we detected a significant frequency of a "valveless" phenotype among some of the genotypes tested, as indicated in Table 2 . This phenotype was first described in detail for clv2 mutants, which often develop replum tissue in the place of carpels, such that the flowers can develop one or even zero carpels (Kayes and Clark, 1998) . In flowers with the valveless phenotype, carpel number is no longer an accurate reflection of flower meristem defects. Thus, we also calculated the number of carpels per flower from mutant plants using only those flowers that did not exhibit a valveless phenotype. These measurements are described below.
clv1-12 displayed a mean carpel number of 2.57 Ϯ 0.05 per flower in the Ws-2 ER background and a mean carpel number of 3.12 Ϯ 0.04 in the first backcross into the Ler background (Table 2) , revealing a highly significant effect of the Ler background on the clv1-12 phenotype (Table 3) . Similarly, the mean carpel number of clv1-13 mutants increased from 2.64 Ϯ 0.05 to 3.28 Ϯ 0.04 in the same backcross (Table 2) , which again is highly significant based on Student's t test (Table 3) .
To determine if this enhancement of clv1 null phenotypes was the result of ecotype variation, due to the er mutation, and/or specific for clv1, we analyzed clv1 and clv3 mutants in a number of backcrosses (Tables 2 and 3) . clv1-12 crossed to the er-123 allele within the same Ws-2 background displayed a lesser, but statistically significant, effect compared with crosses into Ler. This finding indicates that there is both a specific but minor effect from the er mutation and a larger effect of the Landsberg background. We observed a significant phenotypic enhancement when crossing clv1-12 in the Ws-2 ER background to the Col ER background, again revealing an ecotype effect (Tables 2  and 3 ). However, there was no detectable difference between crossing clv1-12 to the Col ER or the Col er-106 background, suggesting that the specific effect of er is minor and/or masked (Tables 2 and 3) . A much stronger Clv1 Ϫ enhancement was observed in clv1-4 crossed to the Ler background (Tables 2 and 3) .
clv3 mutants, on the other hand, displayed different effects of ecotype backgrounds and the er mutation. clv3-2 and clv3-8 are presumed null alleles that have phenotypes similar to that of clv1-4 (Clark et al., 1995) . We observed no significant differences between the clv3-2 allele from the Ler background and the clv3-8 allele from an unknown ER background (Tables 2  and 3 ). The weak clv3-3 allele has a phenotype similar to that of clv1 null alleles (Fletcher et al., 1999) . We observed a significant effect of crossing clv3-3 ER from the Ws-2 background to Ler. However, the phenotype of clv3-3 crossed to Ler was suppressed compared with the phenotype of clv3-3 in the Ws-2 ER background, which is the opposite of our observation for clv1 null alleles. Thus, ecotypes to a major degree, and the er mutation to a minor degree, have a specific effect on the phenotype of clv1 mutants. Pursuing the genes responsible for the ecotype differences could prove useful in identifying additional factors that interact with CLV1 and/or other redundant receptor kinases.
DISCUSSION
Previous models of CLV1 signaling did not explain differences in the observed effects of clv1 alleles. Specifically, the observation that alleles with absent kinase domains (clv1-6 and clv1-7) exhibited weaker phenotypes than those with missense mutations within the LRR and/or kinase domains could not be explained easily. Alleles of clv2 and clv3 displayed no such disparity between lesion and phenotypic effect (Clark et al., 1995; Kayes and Clark, 1998; Fletcher et al., 1999; Jeong et al., 1999) . This work provides several lines of evidence suggesting that the stronger clv1 alleles are dominant negative and likely interfere with additional receptor kinase(s) within the meristems (Figure 6 ). By assessing the dominant-negative effects of CLV1/BRI1 chimeric receptors, we provide evidence defining receptor interactions and show that CLV1 and BRI1 kinase domains are not interchangeable. Furthermore, our results indicate that CLV1 can act outside of the meristem to regulate pedicel length in the absence of ER function. Finally, ectopic expression of CLV1 within the meristem does not disrupt normal meristem development.
Unknown Receptor Kinase(s) May Share Functions with CLV1
Several lines of evidence support the existence of an additional receptor kinase(s) that has functional overlap with CLV1 ( Figure   Figure 4 . clv1-1 Is Dominant Negative. Many different types of proteins could be inactivated by clv1 dominant-negative protein isoforms, including ligands, other receptor kinases, and cytoplasmic signaling factors. Previous genetic analyses of clv3 mutants are most consistent with a receptor kinase(s) being the target of mutant clv1 interference ( Figure 6 ). The strongest dominant-negative alleles of clv1 approach the phenotype of clv3 null alleles, and clv3 null alleles are epistatic to weak, intermediate, and strong clv1 alleles (Clark et al., 1993 (Clark et al., , 1995 . Thus, CLV3 retains some function in clv1 mutants, especially in clv1 null mutants. Because CLV3 is secreted and required to activate CLV1 Rojo et al., 2002) , CLV3 must activate another target in clv1 null mutants, presumably a receptor kinase. Furthermore, the hypothesis that the clv1 dominant-negative isoforms sequester the putative CLV3 ligand is not consistent with studies on a likely feedback loop between WUS and CLV3 (Brand et al., 2000; Schoof et al., 2000; Lenhard et al., 2002) . The net result of this loop is to increase CLV3 expression in mutant plants in which CLV signaling is diminished. Indeed, CLV3 expression as detected by RNA in situ hybridization is increased in clv1 mutant backgrounds (Brand et al., 2000) . Thus, CLV3 is unlikely to be rate limiting in the clv1 dominant-negative backgrounds.
If an additional receptor kinase functions in overlap with CLV1, why has this receptor not been identified in genetic screens? One possible explanation is that the unknown receptor has a somewhat lesser role in CLV3 signaling, such that mutant alleles might not exhibit a phenotype. clv1 null alleles display fairly subtle deviations from the wild type in some ecotype backgrounds, so that a receptor with lower expression levels or lesser signaling effectiveness compared with CLV1 might not display any significant phenotype. Part of the reason for this might lie in the CLV3/WUS feedback loop. A second possible explanation is that the unknown receptor also might function in additional developmental pathways, such that mutants would display pleiotropic phenotypes. Finally, the unknown receptor might be represented by more than one gene, such that inacti- vation of any one gene would not exhibit a phenotype. Note that most of our genetic screens have been performed in the clv1-1 mutant background, in which the activity of any receptors with functional overlap would be expected to be reduced as a result of the dominant-negative character of this allele. Ideally, genetic screens should be performed in the clv1 null mutant background, in which the activity of these hypothetical receptors would be most important phenotypically.
Potential Mechanisms by Which Dominant-Negative clv1 Alleles Act
Most of the clv1 alleles identified to date are dominant negative. The severity of the phenotypes of these mutant proteins varies depending on the location of the lesion within the CLV1 protein. The mutations that give an intermediate phenotype are clustered in the activation loop of the kinase domain. The mutations that give a strong phenotype are found in the fourth, fifth, and ninth LRRs in the predicted extracellular domain (Figure 6 ).
We were unable to find any example in the literature of dominant-negative mutations within the extracellular domains of animal receptor kinases. Missense mutations in the ligand binding domain of the receptor-Tyr kinase torso and deletion of the Toll extracellular domain are gain-of-function mutations (Schneider et al., 1991; Li et al., 2002b) . The dominant-negative mutations in CLV1 are localized in LRRs four, five, and nine and are situated in or close to the predicted ␤-strand of the respective LRRs. Interestingly, these mutants exhibit a stronger phenotype than the dominant-negative mutations located in the cytoplasmic domain. Their phenotypes approach that of clv3 null mutants. The fact that the phenotype is stronger with the LRRlocated mutations than with the mutations in the cytoplasmic domain suggests that the blockage of the signaling pathway by the mutations in the cytoplasmic domain is not complete (Figure 6) .
For lesions in the kinase domain, we noted several differences and similarities when comparing clv1 alleles with dominant-negative mutations in animals. Deletion of all or part of the cytoplasmic domain of the receptor-Tyr kinase epidermal growth factor receptors or other receptor-Tyr kinases results in dominant-negative mutations (Kashles et al., 1991; Chen et al., 1993; Prager et al., 1994; Guichard et al., 2002) . The two CLV1 alleles that mimic this kind of mutation, clv1-6 and clv1-7, exhibit a weak phenotype similar to that of null alleles. Several explanations for this difference can be suggested. The truncated clv1-6 and clv1-7 receptors could be unstable at the plasma membrane or mislocalized. If stable at the plasma membrane, the clv1-6 and clv1-7 mutant proteins would appear unable to interfere with receptors present in the meristem that have functional overlap.
Most of the dominant-negative mutations in protein kinases (TGF-␤ receptor, MEKK1, Alk6, IGF-1R, and IRAK-4) or in receptor-Tyr kinases (IGF-1R and IRAK-4) in animals are clustered at the ATP binding site of the kinase domain, corresponding to domain II of CLV1 (Kong et al., 1994; Sanchez et al., 1994; Zou and Niswander, 1996; Kalebic et al., 1998; Li et al., 2002a) . It is of interest that no clv1 alleles have been identified that contain mutations within key catalytic residues of the kinase domain, suggesting that some catalytic activity may be required within the full-length CLV1 for receptor interaction and, hence, dominant-negative properties. We have noted that when expressed as kinase domains in Escherichia coli, clv1-1, clv1-2, and clv1-9 retain some autophosphorylation activity (data not shown). Interestingly, the mutations in clv1-1, clv1-2, and clv1-9 lie within or close to the activation loop in the kinase domain (Torii and Clark, 2000) . Some mutations in animals are comparable to these: the EGFR DN3 mutation is located in domain VIb, and the bmpr2 mutation is located between domains VIb and VII (Zou and Niswander, 1996; Guichard et al., 2002; Rudarakanchana et al., 2002) . Studies on bmpr2 showed that this dominant-negative mutant is not expressed at the plasma membrane but instead is retained in the endoplasmic reticulum (Rudarakanchana et al., 2002) . The phenotypes observed in clv1-1 plants suggest that the mutant protein is able to interfere with the signaling of other receptors with functional overlap. This interference could occur by clv1 proteins interacting directly with the other receptors and blocking their function (Figure 6 ). Consistent with the idea of a direct interaction between receptors, the clv1-1 allele was described previously as incompletely dominant (Clark et al., 1995 (Clark et al., , 1996 . Moreover, the hypothesis that dominant-negative clv1 isoforms interfere with the function of other receptors is consistent with the extent of Clv1 Ϫ rescue when ER:CLV1 and ER:CB1 were transformed into clv1-1 and clv1-11 plants. Both of these constructs are nearly able to completely rescue the clv1-11 null phenotype, suggesting that in the absence of dominant-negative protein isoforms, both wild-type CLV1 and CB1 are effective transducers of CLV3 signal. However, in the presence of clv1-1, both CLV1 and CB1 are significantly less effective at signaling, as measured by the partial Clv1 Ϫ rescue each provides. The phenotype of clv1-1 ER:CLV1 plants is similar to that of clv1-1/ϩ plants, consistent with ER elements driving expression within the meristem at levels similar to those in the endogenous CLV1 gene. clv1-1 ER:CB1 plants are nearly as severe as clv1 null alleles, indicating that CB1 function is particularly sensitive to clv1-1 interference.
We previously examined clv1 protein accumulation in various clv1 mutant plants . These studies revealed that clv1 dominant-negative isoforms accumulate within the meristem; however, we were unable to conclude that these proteins accumulate normally, because the proportion of meristem cells per sample was affected dramatically by the Clv1 Ϫ phenotype. The various clv1 isoforms were identified as components of protein complexes, some of them similar to CLV1 complexes observed in wild-type plants, although the extracellular domain isoforms were found in a novel complex of an apparently monomeric size. However, it is difficult to draw clear conclusions about the mechanism of clv1 dominant-negative action from this approach for several reasons. First, most of the components of the complexes are unknown. Second, it is not certain that complexes from different genotypes of approximately the same size are in fact the same protein complexes. Third, interactions responsible for clv1 dominant-negative properties might not be stable under our isolation methods and thus might not be represented in our analysis. The identification of other receptor(s) that have functional overlap with CLV1 would be critical for using complex formation to assess the mechanism of dominant-negative clv1 function and potential receptor interactions.
Dominant-Negative Chimeric Receptors
Although the chimeric CB1 receptor kinase was functional, especially in a clv1 null background, the proteins encoded by the chimeric constructs ER:CB2, ER:CB2 m , ER:CB3, and ER:CB4 appear to act as dominant-negative proteins. These constructs transformed into clv1-1 and clv1-11 plants enhanced the mutant phenotype, with transgenic plants displaying an increased number of carpels per flower and an enlarged fifth whorl compared with clv1-1 and clv1-11 plants. Thus, expression of the extracellular domain of CLV1 with a heterologous kinase domain in transgenic plants was able to block receptor signaling within the meristem in a dominant manner.
One important aspect of the chimeric receptors is that they did not require overexpression to achieve their dominant-negative character. Expression of wild-type CLV1 under the control of the ER regulatory elements in clv1-1 and clv1-11 plants is consistent with ER-driven expression being close to, but less than, the expression level of the endogenous CLV1 gene. The same ER regulatory sequences driving ER:CB2, ER:CB2 m , ER:CB3, and ER:CB4 expression in clv1-11 plants give rise to phenotypes stronger than those seen in clv1-1, clv1-2, and clv1-9 plants. Indeed, the phenotype of these chimeric receptors is similar to that of the strong clv1-4 allele.
Each of the receptors ER:CB2, ER:CB2 m , ER:CB3, and ER:CB4 resulted in nearly identical phenotypes when transformed into clv1-11. This finding suggests a common mechanism for these receptors in interfering with signaling within the meristem. This indicates that kinase activity is not required for interference, because the putative kinase-active CB2 and ki- nase-inactive CB2 m were similar in severity. It also indicates that the key to the dominant-negative function is likely the substitution of the BRI1 kinase domain, because this feature is common to all four constructs. Thus, although the kinase domains of the plant LRR-RLKs show strong sequence similarity (the kinase domains of CLV1 and BRI1 show 63% similarity), they are not interchangeable.
Natural Variation Affects Meristem Development
We have observed that the phenotypes of various clv1 alleles are affected significantly by natural variation between different Arabidopsis ecotypes. In fact, in every case, crossing clv1 alleles from one ecotype to another resulted in significant modification of the mutant phenotype. The strongest Clv1 Ϫ phenotype enhancement was observed in crosses to the Ler background. A significant, albeit lesser, portion of this enhancement appeared to be the consequence of the er mutation within this ecotype. This finding suggests some overlap in function between CLV1 and ER within the shoot meristem. The activity of these receptors clearly is not equivalent in meristem regulation, based on driving CLV1 expression under the control of the ER regulatory elements. The effect of the er mutation could reflect a low level of nonspecific crosstalk between the CLV1 and ER signaling pathways. In the Ler backcrosses, we conclude that the majority of the phenotypic enhancement is the result of non-er factors. Furthermore, other ecotype backcrosses in which the wild-type ER allele was fixed also resulted in significant phenotypic variation. Importantly, in at least some cases, this variation appeared to be specific for CLV1. The genes responsible for this natural variation make good candidates for CLV1-interacting factors. 
Ectopic CLV1 Expression Affects Pedicel, but Not Meristem, Development
The ER regulatory elements have been shown to match endogenous ER patterns and to drive expression throughout the meristem as well as in developing organ primordia (Yokoyama et al., 1998) . The putative ligand for CLV1, CLV3, and the target of CLV1 signaling, WUS, both are expressed only within specific cell layers of the shoot meristem, with the exception that WUS also is expressed in ovule primordia (Gross-Hardt et al., 2002) . Thus, it is of interest to determine if CLV1 placed in ectopic locations at the physiologically relevant levels provided by ER regulatory elements can exert any effect on signaling or development. Any phenotypic effect of CLV1 ectopic expression would suggest that CLV1 is capable of interacting with additional signaling systems. We observed that pedicel length was affected significantly by the ER:CLV1 transgene in Ler plants.
Because pedicel length was shortened by the er mutation, the ER:CLV1 transgene suppressed the Er Ϫ pedicel phenotype. Given the overlap in ER and CLV1 function detected within the meristem, one possible explanation for this finding is that CLV1 replaces ER function within the developing pedicels. The ER:CLV1 suppression of er phenotypes does not extend to the Er Ϫ gynoecium phenotypes. Lease et al. (2001b) recently described agb1, a mutant allele of the heterotrimeric G-protein ␤-subunit, which exhibits phenotypes similar to those of er. They concluded that AGB1 may function with ER to regulate aspects of silique development but may function in parallel in other aspects of development. Thus, ER may use alternate signaling mechanisms in different tissues. This finding may explain the differential effect of CLV1 on Er Ϫ phenotypes. However, many pathways affect organ elongation, and there is no way at this time to conclude that CLV1 acts within the ER pathway in pedicels. Surprisingly, one site where ectopic CLV1 expression did not affect development was in the shoot meristem. Here, the location of CLV1 expression matched well the adjacent expression of the putative ligand, CLV3, and the expression of the target, WUS, in a subdomain of CLV1 expression (Clark et al., 1997; Mayer et al., 1998; Fletcher et al., 1999) . One could predict that ectopic CLV1 expression within the L1 and L2 layers of the shoot meristem would block CLV3 signal generated in the L1 and L2 layers from reaching L3, where WUS normally is repressed by CLV1 action. However, we observed no such effect, suggesting either that the CLV3/WUS feedback loop overcomes any ligand sequestration by CLV1 or that the L1 and L2 layers lack the factors necessary for the presumed CLV1-CLV3 interaction.
METHODS
clv1 and clv3 Alleles
The clv3-3 allele (line CS6421) of Arabidopsis thaliana was identified in ecotype Wassilewskija-2 (Ws-2) and obtained from the ABRC at Ohio State University (Columbus). clv3-3 was backcrossed to Landsberg erecta (Ler) to isolate the clv3-3 er double mutant. The clv3-2 allele has been described previously (Clark et al., 1995; Fletcher et al., 1999) . The clv3-8 allele (line CS3604) was isolated by G. Redei and obtained from the ABRC. No ecotype information was available for clv3-8. PCR analysis of this allele revealed a chromosomal breakpoint between the 5Ј end of intron 2 and the 3Ј end of exon 3 (data not shown), similar to the breakpoint position in clv3-2. The T-DNA clv1-12 and clv1-13 insertion lines were identified by screening the Arabidopsis Knockout Facility ␣ population (http://www.biotech.wisc.edu/Arabidopsis/). Products were amplified by PCR with CLV1-specific (5Ј-GTTTCCGATTCCGGCCGG-GATTGAACCGGT-3Ј and 5Ј-AACTAACCTGGGGCGATGTATCCATAA-GGG-3Ј) and JL-202 (5Ј-CATTTTATAATAACGCTGCGGACATCTAC-3Ј; left border specific) primers and sequenced to determine the site of the T-DNA insertion. These insertions are available as lines CS3954 and CS3955 from the ABRC. These two lines, originally in the Ws-2 background, were backcrossed to Ler, Ws-2 er-123 (Lease et al., 2001a) , and Columbia er-106 (Lease et al., 2001a) for a comparative analysis of the effect of the mutation in both backgrounds.
The F2 population was screened for the Clv1 Ϫ and Er Ϫ phenotypes and allowed to self-pollinate. Phenotypic analyses were performed on the F3 generation. The clv1-11 line (background Ler) was generated by crossing the enhancer trap-containing T-DNA line DsE2 (CS8047) donated to the Nottingham Stock Centre by Rob Martienssen (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY) to the Ac transposase T-DNA line Ac2 (CS8044). Unlinked transposition of the Ds element was screened for in the F2 population by growing seeds on naphthalene acetamide-and kanamycin-containing plates (Sundaresan et al., 1995) . Doubly resistant plants were transferred to soil and allowed to self-pollinate. Phenotypic analysis of the F3 segregating population of line clv1-11 showed the clv1 phenotype as a recessive mutation. DNA samples were taken from two plants that displayed the mutation and one that did not, and thermal asymmetric interlaced PCR was performed. Sequencing of the bands amplified in each case revealed the same sequence with an eight-base duplication of endogenous sequence, typical of Ds insertions. The sequence indicated the insertion site within the CLV1 gene, between nucleotides 753 and 754 of the cDNA (Figure 1) , which translates to amino acids 227 and 228 of the protein. Seeds from the selfed F3 plants showing the mutation were collected, and all subsequent analysis was performed on these homozygous F4 seeds.
We had reported previously that the clv1-10 allele, which was isolated as an intragenic enhancer of clv1-1, contained a second mutation within the kinase domain coding sequence (Pogany et al., 1998) . Subsequent analysis could not replicate this result. Resequencing of the CLV1 coding sequence from the clv1-10 genome revealed instead that the clv1-10 allele contains a second lesion within the Leu-rich repeat domain coding sequence, as indicated in Figure 1 .
Seeds were sown on a 1:1:1 mix of topsoil:perlite:vermiculite and allowed to imbibe for 5 days at 4ЊC. Plants were grown at 22ЊC under ‫008ف‬ foot-candles of continuous cool-white fluorescent light. The transgenic constructs were introduced into Agrobacterium tumefaciens strain GV3101 by the heat-shock method and transformed into clv1-1, clv1-11, or Ler by vacuum infiltration (5 min at 25 inches of Hg) (Bechtold et al., 1993; Bechtold and Pelletier, 1998) . Transgenic seedlings were selected by resistance to Basta herbicide (Hoechst Schering AgrEvo, Wilmington, DE) diluted 1:1000. The plants were sprayed 10 days after germination and then three times per week for at least 2 weeks. CLV1 cDNA, CLV1/BRI1, and CLV1/BRI1 m Expression Constructs For the chimeric receptor construct ER:CB2, a FauI restriction site was inserted in the CLV1 and BRI1 cDNA sequences in the first kinase domain by site-directed mutagenesis. Four oligonucleotides were used: FclvFauI (5Ј-CGGTAAAGGCGGGGCTGGAATTGTC-3Ј) and RclvFauI (5Ј-GACAATTCCAGCCCCGCCTTTACCG-3Ј) for CLV1 and FbriFauI (5Ј-GATTGGTTCTGGCGGGTTTGGAGATG-3Ј) and RbriFauI (5Ј-CATCTC-CAAACCCGCCAGAACCAATC-3Ј) for BRI1. This FauI site was used to clone the 5Ј CLV1 fragment in frame with the 3Ј BRI1 fragment to give the amino acid sequence 5Ј-LKEENIIGSGGFGD-3Ј. A PstI-EcoRV fragment of CB2 was replaced by the mutated bri1-101 fragment (XhoI site at 3340 bp mutated) in CB2 m . For the CB3 construct, an AseI site was created in the transmembrane domains of CLV1 cDNA and BRI1 cDNA. Four oligonucleotides were used: AseITM_CLV1f (5Ј-ATCACCGGATTA-ATCCTAATCA-3Ј) and AseITM_CLV1r (5Ј-GATTAGGATTAATCCGGT-GAT-3Ј) for insertion of the AseI site in CLV1 cDNA and AseITM_BRI1f (5Ј-ATATTTGGATTAATCCTTGTTGG-3Ј) and AseITM_BRI1r (5Ј-CCA-ACAAGGATTAATCCAAATAT-3Ј) for insertion of the AseI site in BRI1 cDNA. The SpeI-AseI fragment from the CLV1 cDNA was ligated to the AseI-EcoRV fragment from BRI1 cDNA.
For the CB4 construct, the kinase domain of CB2 was used as a template for PCR amplification with the oligonucleotides FbriPstI (5Ј-CGG-AAGATTGCGATAGGATCAG-3Ј) and RClvBriXIKD (5Ј-GTGCACAAC-TTCCCTCATTGTCGGTCGTCTCC-3Ј). This first PCR amplified the kinase domain of BRI1 until domain XI of the kinase domain and added the first nucleotides of the C-terminal tail domain of CLV1 at the 3Ј end of the sequence. A second PCR was performed on the CLV1 cDNA cloned in pBluescript II KSϩ (Stratagene) with the oligonucleotides FBriClvXIKD (5Ј-GGAGACGACCGACAATGAGGGAAGTTGTGCAC-3Ј) and the T3 primer. This second PCR amplified the C-terminal tail domain of CLV1 with a few nucleotides belonging to domain XI of the BRI1 kinase domain at the 5Ј end of the sequence. A third PCR was performed using as a template the two fragments mentioned above with the oligonucleotides FbriPstI and T3. This fragment was digested with PstI-EcoRV and ligated in the PstI-EcoRV-digested CB2 construct to replace the C-terminal tail domain of BRI1 with the CLV1 C-terminal tail domain. This fragment was sequenced after cloning.
For the CB1 construct, the same strategy was used. The first PCR amplification was performed on the CLV1 cDNA with the primers KSQ.1 (5Ј-CCGCCACCGTCACATAG-3Ј) and RevBriClvXIKD (5Ј-GGCCATGAC-TTGTACCATCGTAGGCCTTGC-3Ј). A second PCR was performed on the BRI1 cDNA cloned into pBluescript II KSϩ (Stratagene) with the oligonucleotides ForBriClvXIKD (5Ј-GCAAGGCCTACGATGGTACAAGTC-ATGGCC-3Ј) and T7. These two fragments were used as templates in a third PCR with primers KSQ.1 and T7. The SpeI-NsiI fragment from the CLV1 cDNA was ligated to a NsiI-EcoRV fragment from this third PCR, generating a chimeric kinase domain in which the C-terminal tail domain of CLV1 was replaced with the C-terminal tail domain of BRI1. As mentioned above, the construct was sequenced after cloning. The fragment, including the ER promoter (Ϫ1678 bp), the CLV1 cDNA or chimeric constructs, and the E9 terminator, was subcloned into the pCB302 vector (Xiang et al., 1999) . Fragments including only the ER promoter and the E9 terminator inserted into the pCB302 vector and the pCB302 empty vector were used as controls.
Scanning Electron Microscopy Analysis
Inflorescence tips of 15-or 30-day-old plants were fixed in 4% glutaraldehyde and 25 mM NaPO 4 overnight at 4ЊC. Tissues were washed in 25 mM NaPO 4 and incubated for several days in 1% osmium tetroxide and 25 mM NaPO 4 at 4ЊC. Samples then were dehydrated sequentially through an ethanol series. Samples were dried with a critical point drier with liquid CO 2 , dissected to remove obstructive organs and expose the shoot apical meristem, coated with gold, and observed with a scanning electron microscope (S3200N; Hitachi, Tokyo, Japan). Images were collected digitally.
RNA Extraction and Reverse Transcriptase-PCR
Total RNA was isolated from 100 mg of inflorescences from approximately 30-day-old plants using the Trizol reagent (Life Technologies/ Gibco BRL). One microgram of total RNA was reverse transcribed from an oligo(dT 15 ) primer in a 25-L reverse transcription reaction as recommended by the manufacturer (Moloney murine leukemia virus reverse transcriptase; Promega). One microliter of the first-strand cDNA reaction was used as a template for PCR amplification with specific oligonucleotides for CLV1 (forward, 5Ј-CCGCCACCGTCACATAG-3Ј or 5Ј-CGG-CGTTGTTCTCACCGTCA-3Ј [upstream of the CLV1 intron as a control for genomic DNA contamination]; reverse, 5Ј-ATGATCACCACATTT-CGCATC-3Ј or 5Ј-CCAACAGGTTTCTTCCCAGCT-3Ј) and CLV1/BRI1 (forward, 5Ј-CGGCGTTGTTCTCACCGTCA-3Ј; reverse, 5Ј-CTGATC-CTATCGCAATCTTCCG-3Ј). As an internal control, primers for the Arabidopsis ␤ATPase genes were used. The PCR products were loaded on ethidium bromide-stained agarose gels. Each band was quantified with the Gel Doc 2000 Gel Documentation System (Bio-Rad) using Quantity One software and normalized to the controls. First, the background of the no-DNA PCR sample was removed for the clv1 and transgene bands. Then, the values were adjusted on the loading controls (␤ATPase). The values obtained for clv1-1 were normalized to the clv1-1 controls, which were assigned the value of 100. For the ER:CLV1, ER:CB2, ER:CB2 m , and ER:CB3 transgenes, the highest ER:CLV1-expressing line was used to normalize the values of the other lines.
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